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Abstract

Background: Seasonal influenza viruses undergo unpredictable changes, which may
lead to antigenic mismatch between circulating and vaccine strains and to a reduced
vaccine effectiveness. A continuously updated knowledge of influenza strain circula-
tion and seasonality is essential to optimize the effectiveness of influenza vaccination
campaigns. We described the global epidemiology of influenza between the 2009
A(H1N1)p and the 2020 COVID-19 pandemic.

Methods: Influenza virological surveillance data were obtained from the
WHO-FIuNet database. We determined the median proportion of influenza cases
caused by the different influenza virus types, subtypes, and lineages; the typical
timing of the epidemic peak; and the median duration of influenza epidemics
(applying the annual average percentage method with a 75% threshold).

Results: We included over 4.6 million influenza cases from 149 countries. The
median proportion of influenza cases caused by type A viruses was 75.5%, highest in
the Southern hemisphere (81.6%) and lowest in the intertropical belt (73.0%), and
ranged across seasons between 60.9% in 2017 and 88.7% in 2018. Epidemic peaks
typically occurred during winter months in Northern and Southern hemisphere coun-
tries, while much more variability emerged in tropical countries. Influenza epidemics
lasted a median of 25 weeks (range 8-42) in countries lying between 30°N and 26°S,
and a median of 9 weeks (range 5-25) in countries outside this latitude range.
Conclusions: This work will establish an important baseline to better understand
factors that influence seasonal influenza dynamics and how COVID-19 may have
affected seasonal activity and influenza virus types, subtypes, and lineages circulation
patterns.
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1 | INTRODUCTION

Influenza is a major respiratory disease that causes significant morbid-
ity and mortality globally.>? Influenza vaccination is the primary inter-
vention to prevent influenza infections and their complications, thus
deploying the vaccine efficiently and in a timely manner with regard
to the timing of occurrence of influenza epidemics is critical in order
to limit the burden of disease of influenza.

The World Health Organization (WHO) has established the
Global Influenza Surveillance and Response System (GISRS) with the
aim to conduct epidemiological and virological surveillance of
influenza globally.® The GISRS is instrumental for the WHO
influenza vaccine committee in order to advise on the antigenic
composition of influenza vaccines for the next influenza season.*°
For the Northern hemisphere, influenza virus circulation patterns
are reviewed every February, so that the vaccine can be distributed
in early autumn, in advance of the winter influenza season. Recom-
mendations for the Southern Hemisphere are usually issued in
September, so that the vaccine can be deployed in advance of the
immunization campaigns of March-April of the following year. The
overall goal is to optimize vaccine formulation and timing of admin-
istration to obtain maximal vaccine effectiveness in all countries
worldwide. This is particularly challenging, however, for tropical
regions, where influenza viruses often circulate year-round and the
periods of influenza activity can vary even between neighbouring
countries or countries at the same latitude."® The timing of the
vaccination is especially critical when considering that vaccine-
induced immunity may wane during an influenza season, particularly
in the elderly.? The picture is further complicated by the frequent,
yet largely unpredictable changes in circulating influenza virus
strains, which may lead to antigenic mismatch between circulating
strains and vaccine strains and ultimately to a reduced vaccine
effectiveness.’®"? Finally, the regular seasonal dynamics can be
greatly altered by the emergence of new pandemic influenza
viruses, as was the case in 2009. More recently, Sars-Cov-2 virus
circulation has caused a dramatic reduction in influenza circulation
worldwide, most likely as a result of non-pharmaceutical interven-
tions and reduction of global travel.1®14

The aim of our study was to perform an updated analysis of
the global epidemiology of seasonal influenza for the period
2010-2020, describing the patterns of circulation of the different
influenza virus types, subtypes, and lineages, and determining the
typical peak timing and duration of influenza epidemics for countries
in temperate (Northern/Southern hemispheres) and tropical climate
regions. While influenza activity is currently low, influenza will
become a public health issue again but the timing and severity of
future influenza outbreaks is hard to foresee at the moment. Having
a full picture of the epidemiology of influenza in the decade
preceding the COVID-19 pandemic (defined as the period from the
2009-2010 HIN1pdmO?9 influenza pandemic and the emergence of
the COVID-19 pandemic in early 2020) will establish an important
baseline to better understand factors that influence annual influenza

dynamics.

2 | MATERIAL AND METHODS

21 | Data source and definitions

Influenza virological surveillance data were obtained from the publicly
available web-based database FluNet, which is coordinated by the
WHO.'® Information on the weekly number of laboratory-confirmed
cases of influenza (overall and by virus type, type A subtype, and type
B lineage) is entered into the FluNet database by the national influ-
enza centres and other influenza reference laboratories of 194 states
participating in the Global Influenza Surveillance and Response
System (GISRS) or are uploaded from WHO regional databases. On
22 April 2021, we downloaded the weekly number of laboratory-
confirmed influenza cases reported to the national surveillance sys-
tems of all WHO Regions between week 1/2010 and week 52/2020,
broken down by virus type (influenza A, B), type A subtype (HIN1,
H3N2, other subtypes, unsubtyped), and type B lineage (Victoria,
Yamagata, uncharacterized). Because influenza A virus subtypes other
than HIN1 and H3N2 were very rarely reported (H5N1 and pre-
pandemic HIN1 subtype accounted for around 1 out of 10,000 of
total cases in the study database), these were merged into a single
category with unsubtyped type A influenza cases.

All statistical analyses were conducted by country, and by
grouping countries according to either of two geographical criteria:
countries belonging to each of the six WHO regions (Africa, Eastern
Mediterranean, European, South-East Asia, Western Pacific, and
Americas); or countries situated in the Northern hemisphere (centroid
lying north of the tropic of Cancer, latitude 23°27’ N), in the Southern
hemisphere (centroid lying south of the tropic of Capricorn, latitude
23°27" S), or in the intertropical belt (centroid lying between the two
tropics) (this categorization will be referred to as “latitudinal area”
henceforth). For the latter classification, the geographical coordinates
(latitude and longitude) of country centroids (i.e., central points)
were downloaded from the Harvard WorldMap webpage in the
month of May.®

The unit of analysis was the “season,” which was defined as the
calendar year (from week 1 to week 52/53) in countries situated in
the Southern hemisphere and the intertropical belt, or from week
27 of a year to week 26 of the next year for northern hemisphere
countries (where influenza epidemics, which typically occur in autumn
and winter months, can often bridge two consecutive calendar years).
In what follows, the expression “season 2013 will therefore corre-
spond to the calendar year 2013 for countries in the Southern hemi-
sphere and in the intertropical belt, and to the period from week
27/2013 to week 26/2014 for countries in the Northern hemisphere.
Considering that data were downloaded from week 1/2010 to week
52/2020 for all countries, the maximum number of seasons that could
be included in the analyses was 11 (from 2010 to 2020) for Southern
hemisphere and intertropical belt countries, and 10 (from season
2010-2011 to season 2019-2020) for Northern hemisphere coun-
tries (i.e., data from weeks 1-26 of 2010 and weeks 27-52 of 2020
were not used for Northern hemisphere countries). Countries with

fewer than 50 influenza cases in a given season were excluded from
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the analysis of that season in order to enhance robustness to the

study results.!”

2.2 | Circulation patterns of influenza viruses

For each country and season, we determined the proportion of influ-
enza cases that were caused by either virus type (A and B). We then
calculated its median value, and the proportion of seasons in which
either influenza virus type accounted for 280%, 250 to 80%, 220 to
50%, or < 20% of all reported influenza cases, in each country and for
countries belonging to each latitudinal area and WHO region. Further-
more, for each season in each country we determined the proportion
of influenza cases that were caused by each type A virus subtype
(HIN1, H3N2, and other/unsubtyped) and type B virus lineage
(Victoria, Yamagata, and uncharacterized). The non-parametric
Kruskal-Wallis test was applied to compare median proportions
between countries belonging to different latitudinal areas or WHO

regions.
2.3 | Peak timing and duration of influenza
epidemics

The determination of the timing of the primary and secondary peak of
influenza circulation was conducted by analysing country-specific
influenza times-series using the EPIPOI software.*® Because our
objective was to define the “typical” timing of the epidemic peak, we
included only countries with five or more seasons with at least
50 reported influenza cases. The season 2020 (i.e., the calendar year
for countries in the Southern hemisphere and the intertropical belt,
and the season 2020-2021 for Northern hemisphere countries) was
not included in this analysis because it was particularly atypical due to
the COVID-19 pandemic. In addition, because EPIPOI needs the same
number of time points (in our case weeks) to operate, we excluded all
53rd weeks in our dataset (which only applied to years 2014 and
2020). EPIPOI proceeds by first detrending the country-specific time
series using a quadratic polynomial, and it then works out the periodic
annual function (PAF) of the time series by summing up the annual,
semi-annual, and quarterly harmonics as obtained by Fourier decom-
position. The typical timing of the peak corresponds to the peak
month of the PAF. The amplitude of the PAF is obtained as the ratio
of the wave height to the peak value and can be interpreted as an
estimate of the intensity of seasonality of influenza epidemics in a
given country (i.e., as a measure of how much influenza cases in a
given country tend to occur over a short period of time instead of
being distributed over the entire season). Owing to how it is calcu-
lated, the amplitude can sometimes take values above 100%, particu-
larly when the time-series fall to zero for a certain number of weeks,
for example, in summer months of temperate countries. (for more
details, refer to Alonso and McCormick, 2012%).

The duration of the influenza epidemic in each season was

defined using the average annual percentage (AAP) method, according

to which the duration is defined as the shortest stretch of consecutive
weeks that account for at least 75% of all influenza cases that were
reported in the season.?’ As for the determination of the typical
timing of the epidemic peak, this analysis was conducted by including
only the 122 countries that have data available for five or more sea-
sons with 250 reported cases, and after discarding the season 2020
because of the COVID-19 pandemics.

24 | Software

All analyses were conducted using Stata version 15 (Stata Corp, Col-
lege Station, TX) and the freely available analytical software
EPIPOI.*81?

3 | RESULTS

3.1 | Circulation patterns of influenza viruses

In total, data were available for 149 countries (77 in the Northern
hemisphere, 66 in the intertropical belt, and six in the Southern hemi-
sphere) which contributed a total of 1244 seasons encompassing
4,659,001 influenza cases. The median number of seasons included
per country was 10, and the median number of reported influenza
cases per season was 494.

Type A and B influenza viruses accounted for 72.5% and, respec-
tively, 27.5% of all influenza cases reported globally between 2010
and 2020 (Table S1). The median percentage of influenza cases that
were caused by type A viruses was 75.5%. More in detail, the propor-
tion of all reported influenza cases that were caused by type A viruses
was 280% in 42.3% of seasons, 250% and <80% in 42.3% of seasons,
220% and <50% in 13.7% of seasons, and <20% in only 1.7% of sea-
sons. These figures varied somewhat geographically (p value for dif-
ference of the median proportion of A cases between latitudinal areas
<0.001) (Table 1). The median proportion of influenza A cases and the
percentage of seasons in which type A influenza viruses caused >80%
cases were lowest in countries of the intertropical belt (73% and
38.8%, respectively, based on data from 66 countries and 528 sea-
sons), and highest in countries in the Southern hemisphere (81.6%
and 55.6%, based on data from six countries and 63 seasons). When
grouping countries according to the six WHO regions (Table 2), type
A influenza viruses accounted for the largest share of all influenza
cases in the Region of the Americas and the European region (median
% of type A cases was 80.8% and 77.2%, respectively), and for the
smallest share in the Africa and the South-East Asia regions (where a
median of 69.1% and 68.1% of all influenza cases were caused by
type A viruses); the p value for difference of medians between WHO
regions was <0.001. Differences in the circulation of type A and B
influenza viruses were observed also by season (Table 3). Influenza
type A viruses accounted for a minimum of 60.9% of all influenza
cases (median value calculated across all countries) in the season
2017, and a maximum of 88.7% of cases in the season 2018. Further
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variability was observed when stratifying by season and geographical
area (Table S2).

The proportion of influenza virus type A subtypes (H1IN1, H3N2
and other/unsubtyped) and type B lineages (Victoria, Yamagata, and
uncharacterized) in relation to the total number of influenza cases in
each season and country is reported in Table S3. The proportion of
influenza A cases that were subtyped was 56.6%, while 23.4% of all
influenza B cases were characterized. The median % of cases
accounted for in a season was 29.5% for A(H3N2), 23.4% for
A(H1N1), 13.8% for other/unsubtyped A, 5.8% for B Yamagata, 3.3%
for B Victoria, and 22.8% for uncharacterized B globally. A(H3N2) and
A(H1IN1) were the most commonly reported subtype/lineage in five
and six seasons globally, respectively (Table 4).

3.2 | Peak timing and duration of influenza
epidemics

A total of 122 countries with at least five seasons with >50 reported
influenza cases between 2010 to 2019 were included. The typical
timing of the primary epidemic peak against the country latitude was
depicted graphically in Figures 1 and 2 (the corresponding heat maps,
showing the distribution of cases in each country over the study
period, is provided as Figures 3 and 4). For Northern hemisphere
countries, the typical timing of the epidemic peak fell between the
beginning of December and the end of March (the vast majority
occurring in February and the first half of March), while for Southern
hemisphere countries, the epidemic peak typically took place in July
or August. Much more variability emerged among countries in the
intertropical belt, which encompassed countries whose typical epi-
demic peak could occur at any time of the year. Unlike countries in
the Northern and Southern hemispheres, some of those situated in
the intertropical belt were characterized by small-amplitude primary
peaks and well-defined (amplitude above 50%) secondary peaks. The
typical timing of the primary and secondary peak of influenza epi-
demics in each country included in the analyses are available in
Table S4.

The association between the median duration of the influenza
epidemics and the country’s latitude is depicted in Figure 5, and the
complete data are available in Table S4. By visually inspecting
Figure 5, it was evident that influenza epidemics had a shorter dura-
tion at the two extremes of the latitude range. In particular, the
median duration of the influenza epidemics was shorter than
15 weeks for the 60 countries lying at a latitude above 30°N and
below of 26°S (the choice of these two cut-offs was data driven and
not made a priori); the only exception is China, a vast country that
stretches across a large range of latitudes. The 62 countries whose
centroid was situated between 30°N and 26°S showed a substantial
variability in the duration of the influenza epidemics: the median dura-
tion of influenza epidemics in this range of latitudes was <15 weeks
for 13 countries, between 16 and 29 weeks for 34 countries, and
>30 weeks for 15 countries. Of note, there was a mild, yet statistically

significant positive association between the median duration of

TABLE 4 Circulation of the different influenza virus types, subtypes, and lineages by season

B uncharacterized

B Yamagata B Victoria

A other or unsubtyped

A(HIN1)

. A(H3N2)
N influenza cases

N country season

(250 cases)

% %

%

%

%

N %

reported to FluNet®

28,3943

Season
2010
2011

21.8%
20.9%
26.4%
16.3%
18.4%
22.5%
14.8%
31.9%

61,994
38,327
81,028
46,385
78,088

2.0%
6.0%
0.8%
0.8%
0.2%
7.3%
2.3%
1.1%
3.7%
6.5%
9.9%

3.2%

5699

0.6%
2.7%
2.9%
3.8%
5.3%
3.5%
2.3%
8.2%
0.8%
0.3%
0.5%
3.3%

1704
4893

15.2%
17.3%
20.2%

43,044
31,675
61,916
51,670

40.4%
13.4%
19.1%
39.4%

114,658
24,647
58,734

20.0%
39.8%
30.5%
21.5%
41.1%
11.3%
34.2%
16.6%
14.7%
12.7%
16.9%
21.7%

56,844
73,037
93,830
60,947

109

10,969
2591

18,3551

104
115

8800

30,7187

2012

2238

10,780
22,499
15,531
11,647
68,171

5757

18.2%
30.0%
22.8%
38.8%
31.3%
49.9%
35.9%

111,731
21,440

28,3798

110

2013

1056

127,489
101,319
195,332
261,962
343,038
249,126
1394

5.0%
32.6%

174,607
50,476

42,5242

114

2014
2015

100,151

32,302
11,436
9099

145,073
38,331
91,530

44,5091

116

74,643

7.6%
10.9%
26.4%
15.4%
42.4%
19.3%

172,186
138,493
101,151

50,4020

129
131

2016

266,795
29,821

83,6232

2017

4.3%
29.1%
14.9%
21.0%

25,774
45,045
909

181,758
106,481

3886

68,7766

133
140
43

2018

201,927
1367

2331
45

87,856
1551

69,3016
9155

2019

15.2%
31.5%

2020
Total

4,659,001 1,010,978 898,269 1,467,965 152,158 147,118 980,526

1244

Source: WHO FluNet database 2010-2020. Only seasons with =50 reported influenza cases overall were included in the analysis. See text for details.

2Surveillance cases do not reflect the incidence rate of influenza.
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FIGURE 1 Typical timing of the primary peak of influenza detection in north hemisphere by country, against the latitudinal position of the
country centroid. The size of the circles is proportional to the amplitude of influenza seasonality. Source: WHO FluNet database 2010-2019.
Only countries with =5 seasons with 250 reported influenza cases were included in the analysis. See text for details

influenza epidemics and the country latitude for countries whose cen-
troid was situated at latitudes above 40°N (the more northern the

country, the longer duration of influenza epidemics, p value <0.001).

4 | DISCUSSION

We described the global variability in the circulation of influenza virus
strains and in the timing and duration of influenza epidemics between
two pandemic periods of the 21st century; the 2009 A(HIN1)p and
the 2020 COVID-19 pandemic. Our study exploits surveillance data
from the FluNet, a publicly open database operated by the WHO. To
our knowledge, this is the first systematic analysis of the duration of
influenza epidemics at global level using the WHO-FluNet database,
and results of this analysis deserve attention. The typical duration of
the influenza epidemics was shorter than 15 weeks (median 9 weeks)
for all countries lying at a latitude above 30°N and below 26°S (except
China). Within this range of latitudes, influenza epidemics varied
instead largely, from less than 10 weeks to over 35 weeks (i.e., from
short epidemics to nearly year-round viral circulation). The apparent
tendency towards a longer duration of influenza epidemics with grow-
ing latitudes for countries lying above 40°N had never been reported

before and came unexpected, and while it deserves attention as it
may have some public health implications (because of the waning
influenza vaccine effectiveness), we are unable to explain it convinc-
ingly. By and large, climatic and ecological drivers (such as tempera-
ture, humidity, and precipitations) and differences in cultural and
social aspects and in countries’ demographics all affect the circulation
of influenza viruses and thus contribute to shape the seasonality of
epidemics.?1"2% However, much remains to be understood, especially
regarding the differences observed between tropical countries located
at very similar latitudes or even bordering one another.

In terms of seasonality of epidemics, the majority of influenza
cases occurred, as expected, during winter months in the Southern
and Northern hemispheres, while much more variability emerged in
the intertropical belt. In terms of virus type circulation, type A virus
accounted for the majority of cases in over five sixths of all seasons
(84.7%); however, type B influenza viruses accounted for a median of
25% of all influenza cases in a season. Statistically significant differ-
ences in influenza type A and B viruses circulation existed geographi-
cally, across both latitudinal areas (highest median percentages of
influenza A cases were in Southern hemisphere, and lowest in the
intertropical belt) and WHO regions (highest in Americas and in the
European regions, and lowest in the Africa and the South-East Asia
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regions). We also observed large variability by seasons, with the
median proportion of influenza A cases ranged between 60.9% in
2017 and 88.7% in 2018. The median % of influenza cases accounted
for by each virus subtype and lineage was 29.5% for A(H3N2), 23.4%
for A(HIN1), 13.8% for other/unsubtyped A viruses, 5.8% for B
Yamagata, 3.3% for B Victoria, and 22.8% for uncharacterized B
viruses. These findings are in fair accordance with the existing litera-
ture on the topic, especially for what concerns the patterns of circula-

tion of the different virus types (A vs. B), subtypes and lineages®*2°

and the typical timing of the epidemic peak and its association with
the country’s latitude.2”24%” Furthermore, our findings support the
idea of the unpredictable nature of influenza.?® For instance, we
observed a contrast between 2017, being the season with the lowest
proportion of influenza A cases and the highest proportion of B
(mostly Yamagata lineage), and 2018 presenting the highest propor-
tion of influenza A and the near absence of B Yamagata (notably, this
pattern persisted in subsequent seasons as well). Also, we did not
note any clear trend in the relative proportion of A(HIN1) and
A(H3N2), nor any evidence that either is increasing or declining.

Our findings have important implications for public health strate-
gies related to influenza vaccination. Monitoring circulating influenza
strains is needed to decide on the best composition for next season
vaccines (also considering that viral strains differ in their ability to
infect people of different ages and thus in the burden of infections

and deaths that can cause),?”%°

and understanding the temporal char-
acteristics of influenza epidemics is essential for planning the timing
of influenza vaccination. In this regard, our findings suggest that in
countries where influenza epidemics are typically shorter than
15 weeks (i.e., all those lying north of 30°N and south of 26°S except
China, plus several of those lying at intermediate latitudes) the timing
of immunization campaigns is absolutely key, because a well-timed
vaccination is likely to cover most of the influenza season, considering
that vaccine-induced protection appears to remain at fairly good
levels for about 3-4 months upon vaccination.” On the contrary, the
optimal timing for vaccination may be less clear in the intertropical
belt countries characterized by a lack of seasonality. Therefore, the
recommendation may be to simply use the most recent vaccine for-
mulation recommended by the WHO at any time of the year.” The
data we present here are of even greater importance given the huge
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impact that the COVID-19 pandemic is having on the circulation of
influenza viruses. Major reductions in influenza activity have been
observed globally since shortly after the pandemic began (i.e., mid-
2020 to late 2020), with only minor outbreaks detected in some tropi-
cal regions'* and, to date, we do not have sufficient data to conclude
if the relative proportions of circulating strains changed. This dramatic
reduction may have ensued from the non-pharmaceutical interven-
tions (NPIs) imposed by governments worldwide in an attempt to
tackle the spread of the pandemic (e.g., personal hygiene measures
like face masks and restrictions in population mixing and travels) and
reduction of international travel, but viral interference may also have
played a role,* although more research is needed in this area. Contin-
ued syndromic and virological surveillance, timely analysis of newly
collected data and comparison with pre-pandemic data, are all criti-
cally important for capturing any changes in global influenza epidemi-
ology and gain an understanding of new influenza dynamics that
could bring huge benefits to the effectiveness of vaccination
programs.

Our analysis included over 4.6 million influenza cases that
occurred in 149 countries during 11 consecutive seasons. This is a
very large amount of data that ensures considerable robustness to our
findings, yet some limitations need to be acknowledged. Data pres-
ented in our study are from surveillance systems and therefore do not
provide an estimate of actual influenza burden (e.g., incidence, mortal-
ity, or hospitalization rates), but only information on the relative pro-
portion of circulating strains. The surveillance systems of respiratory
viruses are run differently in different countries and can change over
time within the same country. The uneven distribution of influenza
cases among countries and seasons to which this contributes (which is
also partly caused by the obvious differences across countries in
terms of population size and age structure) may reduce the compara-
bility of data across countries and seasons. Moreover, the large
number of unsubtyped A and uncharacterized B type influenza cases
limited the power to discriminate which seasons were dominated by a
particular subtype or lineage. In this regard, it is useful to point out
that the large proportion (>30%) of unsubtyped A cases in the study
database was driven by the fact that approximately half of influenza A
cases reported in the United States (which contributed nearly 30% of
all cases in the database) were unsubtyped. On the other hand, most
countries rarely characterized B type influenza cases, creating a dis-
proportion between characterized and uncharacterized B cases.
Another limitation of our study is having assigned large countries to a
particular latitudinal area depending on their centroids. Large coun-
tries that span many degrees in latitude (like China, Brazil, and India)
can encompass regions with very diverse climate types, and the lack
of geographically stratified data may lead to inaccurate results. Finally,
FluNet database contains only aggregated data. Future research may
focus on analysing influenza circulation among age groups or antigenic
properties of the influenza viruses from ferret and human
serology data.

In conclusion, this work provides an important baseline
reference to better understand factors that influence seasonal

influenza dynamics worldwide. Future research should continue to

expand our knowledge regarding the global dynamics of influenza
infections and aim to understand whether and how the emergence
of the SARS-CoV-2 has changed the patterns of circulation of influ-
enza viruses and the intensity and timing of influenza epidemics. An
improved understanding of these aspects may greatly help policy
makers in their effort to contain the burden of disease of influenza
globally.
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